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Abstract

We examined the functional role of braking forces observed when humans execute turning maneuvers. Deceleration caused by
braking forces contributes to changing the movement direction of the center of mass (COM) and maintaining constant velocity. We
argue that braking forces also prevent over-rotation of the body about the vertical axis during maneuvers. We analyzed data from
sidestep and crossover cuts at average initial running velocities of 3ms™'. Absent braking, lateral forces would result in body
rotations 1.4-3 times the change in COM movement direction, causing the orientation of the body to be substantially mis-aligned
with the direction of movement at the end of the step. A simple model based on the hypothesis that body rotation should match

COM deflection can explain 70% of the variance in braking forces employed during running turns.

© 2005 Published by Elsevier Ltd.

Keywords: Sidestepping; Cutting; Maneuverability; Navigation; Locomotion

1. Introduction

When executing turning or cutting maneuvers, hu-
mans generate braking forces. Braking is observed
during both running (Besier et al., 2001a), and walking
turns (Patla et al., 1991), and has been explained as
contributing to turn sharpness by causing deceleration
in the initial movement direction (Houck, 2003). For
example, braking forces are required for 90° turns
(Walter, 2003). However, for turn magnitudes less than
90°, deceleration is not necessary for changing the
movement direction. Consequently, the functional role
of braking when executing maneuvers is not fully
understood.

Two mechanical requirements characterize turning
maneuvers: the velocity of the center of mass (COM)
must be changed to a new direction (““deflection’) and

*Corresponding author. Tel.: +13108259055; fax:
+13102672071.
E-mail addresses: dljindrich@yahoo.com (D.L. Jindrich), besier@-

stanford.edu (T.F. Besier), dlloyd@cyllene.uwa.edu.au (D.G. Lloyd).

0021-9290/$ - see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.jbiomech.2005.05.007

the body must rotate to align with the new direction of
motion (Jindrich and Full, 1999; Patla et al., 1991).
Requirements for body rotation may constrain turning
performance. For example, increasing yaw moment of
inertia results in decreased turning ability and reduced
speed during running maneuvers (Carrier et al., 2001).
We hypothesize that the requirement for body
rotation about the vertical axis to match COM move-
ment deflection at the end of a turn constrains leg force
production during turning maneuvers. Specifically, we
hypothesize that the forces required to deflect the COM
during running would result in over-rotation of the body
without production of additional braking forces. We
analyzed ground-reaction force and kinematic data from
subjects running and executing three types of cutting
turns to test this hypothesis in two ways. First, we used a
sinusoidal decomposition to separate braking forces
associated with cutting from the deceleration/accelera-
tion observed during constant-speed locomotion. We
then estimated the body rotation that would have
occurred without braking forces by removing the
braking force component and double-integrating the
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remaining forces in the horizontal plane. We compared
this estimated body rotation to the rotation observed
during the maneuver. Second, we developed a simple
model of maneuvering based on easily measured or
estimated morphological and behavioral parameters.
The model can predict the braking (or acceleratory)
forces necessary for body rotation to match movement
deflection, so that the velocity of movement at the end of
stance lies in the sagittal plane. We compared the
predictions of the model to the observed braking forces.

2. Methods

We analyzed force and kinematic data from seven
male subjects of mass (M) 74 +8kg. Informed consent
was gained before testing, and experiments were
approved by the ethics committee of the University of
Western Australia. Kinematic, ground reaction force
(GRF), and kinetic data were collected using a six-
camera, 50-Hz VICON motion analysis system (Oxford
Metrics Ltd., Oxford, UK) and a 1200 x 600 mm force
plate at 2000 Hz (Advanced Mechanical Technology
Inc., Watertown, MA) as detailed previously (Besier et
al., 2001b). Subjects were instructed to run at 3ms~!
and execute one of four tasks in response to a light cue:
RUN, straight-ahead running; S30, running sidesteps of
30°; S60, sidesteps of 60°; X30, 30° crossover cuts. The
order of the conditions was randomized. Previous
studies have identified different motor strategies under-
lying anticipated (where subjects have prior knowledge
of the turn direction) and unanticipated (where subjects
do not know the turn direction until immediately before
the turn) turns (Besier et al., 2001a). Since we seek to
characterize a wide range of maneuvers, we included
both anticipated and unanticipated turns in the analysis.
Kinematic and force data from the stance period of the
first step of the maneuver were isolated from 10 trials for
each subject and maneuver condition. COM location
was estimated as the mid-point between hip joint center
markers, and I was estimated as 1.24 kgm? for a 78 kg
male scaled to M (Carrier et al., 2001).

During complex movements such as sidestepping or
crossover cutting, fore-aft and lateral axes may be
difficult to define. Consequently, we expressed kinematic
and force data in a coordinate system relative to the
initial movement direction (imd; Bauby and Kuo, 2000).

To estimate the amount of body rotation caused by
ground reaction forces in the transverse plane, sinusoid-
based equations were developed to represent the
component of force in the initial movement direction,
Fina(t) (Fig. 1A), and forces perpendicular to initial
movement direction, F,(#). The force in the initial
movement direction was decomposed into two sinusoi-
dal elements assumed to be linearly superimposed
during cutting. The first element (F,(7)), was a full-
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direction (imd)
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Trial turn |
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| direction
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077 &M \
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) 9. \ 6
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SO ]
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Fig. 1. Geometric variables used to describe turning maneuvers. (A)
Schematic of kinematic and mechanical parameters measured at the
beginning of stance. Vectors are expressed in a coordinate system
based on the initial movement direction (imd). Positive values in the
imd are up the page, and positive values perpendicular to the imd (p)
are to the left. (B) Rotation of the body and movement of the foot over
time. Changes in body orientation (6;) and movement direction (64)
are calculated relative to values at the beginning of stance. For the
simple turning model, foot position over time in the imd, P;,q(?), was
assumed to follow a linear path along the negative imd. Foot position
over time perpendicular to the imd (P,) was assumed to be constant.

sinusoid that modeled the decelerating and accelerating
forces normally observed during constant-average-speed
locomotion (Cavagna et al., 1977). The second element
(Fp(?)), was a half-sinusoid modeling the additional
braking forces associated with turning. Therefore, the
Finq(2) was represented using the equation

Fima(f) = Fo() + Fy(t) = o sin <@) + B sin (”—l) 1)
T T

where ¢ is time, 7 is the stance period and o and f are
peak forces (Fig. 2A). The force in the transverse plane
perpendicular to initial movement direction, F,(f), was
modeled as a half-sinusoid,

Fp(t) = Fymax sin (”?t) . 2)

For each trial, parameters o and f in Eq. (1), and
Fymax in Eq. (2) were fitted using a minimization
algorithm (fminsearch in MATLAB R13, Mathworks,
Natick, MA, USA).
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Fig. 2. Forces during the stance period of one sidestep cutting trial.
(A) Vertical (F,), initial movement direction (Fj,q) and forces
perpendicular to the initial movement direction (F,) during a
representative maneuver. (B) Sinusoids F, and Fj (dotted lines) fitted
to imd forces during the stance period. For this trial, the resulting
superposition, F,, 4+ Fg accounted for 62% of the variance in Fj,q over
the entire step, and 82% after the first 50 ms. (C) Half-sinusoid fitted to
F,, which could account for 74% of the variance in force over the
entire step, and 87% after the first 50 ms.

The body rotation (6;) was calculated using the
equation

[T FOX FO+TO) s
0, = /0 /0 : dr + 0;d, 3)

where r was estimated as the vector between the COM
and the center of pressure (COP; Fig. 1A) in the
transverse plane, 7(¢) is the free moment about the
vertical axis, I is the moment of inertia about the vertical
axis, and 0; is the rotational velocity about the vertical
axis at the beginning of the step, which was estimated
from differentiating the angle of a line connecting the
hip joint centers with respect to time. The force vector in
the transverse plane was F(f) = Fina(t) + Fp(?).

The force vector, F(¢), was different when examining
the body rotation with or without braking forces. When
determining the expected body rotation with braking
forces (Ql”b), force in the initial movement direction,
Fimd(?), was set to F,(t) + Fp(). When the expected
body rotation was estimated without the effect of
braking forces (Q‘rNOb; i.e. solely with the forces necessary
to deflect the COM and the normal deceleration/
acceleration forces), Fi,q(f) was set to F,(¢). To evaluate
whether braking forces prevent over-rotation of the
body, we compared 0° to 0™°°.

To interpret the function of braking forces in a
broader context, we developed a simple model of
maneuverability that can be used to predict forces
during turns based on morphological and behavioral
parameters (Jindrich and Full, 1999). The model can be
used to predict the braking forces necessary for body
rotation to match movement deflection at the end of a
maneuver, and a positive correlation between the model
predictions and the measured braking force maxima f8
would provide further support for our hypothesis.

The model (see appendix for the mathematical
development) assumes that a biped traveling at average
velocity V, seeks to deflect the direction of movement by
0, during a step (Fig. 1B). At the beginning of the step,
the foot is placed at an anterior extreme position parallel
to the initial movement direction (Pagpima; Fig. 1A),
and generates a sinusoidal lateral force for the duration
of stance. If the foot is not placed directly lateral to the
COM, generating the lateral impulse necessary to
change the movement direction will result in a torque
that causes the body to rotate by 0,. The proportion to
which body rotation caused by F,(#) matches movement
deflection can be estimated by a “leg effectiveness
number”,

0, MVt 4Vt
&= % = T (PAEP,lmd - 7) . (4)

An ¢ of 1 indicates that the leg is favorably placed for
rotation to match deflection at the end of the step
period, given the desired maneuver and the body shape.
An ¢>1 indicates that the body will tend to over-rotate,
an e<1 indicates that the body will under-rotate.

If ¢ does not equal 1, a fore-aft force can prevent over-
rotation or compensate for under-rotation. The max-
imum (Fpmax) of a half-sinusoidal fore-aft force
necessary to prevent over-rotation or compensate for
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under-rotation can be predicted as

nl(1 — &)04
©?P,

)

Fhmax =

(Jindrich and Full, 1999), where P, is the lateral foot
placement, calculated as the average distance from the
COM to the center of pressure (COP; see below)
perpendicular to the imd. To test whether this simple
model can capture the mechanics of sidestep and
crossover cutting, we used Eqs. (4) and (5), given V, 1,
Pagpima and P, for each trial, to predict Fj .y, and
compared Fj, .« to the fitted braking force maxima f.

We calculated the resultant COM velocity over the
stride by differentiating the measured COM position in
the horizontal plane using a fourth-order difference
equation (Blickhan and Full, 1992); the initial velocity,
Vi, was calculated as the instantaneous speed at the
beginning of stance, Viance, as the average speed during
stance, and the final velocity as the instantancous speed
at the end of stance. The velocity, V, in Eq. (4) was set to
V;. The stance period, 7, was determined as the time
between vertical force onset (F,>1N) and force offset
(Fy<1N). The deflection of the COM, 04, was
calculated by integrating the horizontal ground-reaction
force over stance, adding this velocity change to the
initial velocity, and calculating the angle between final
and initial velocity.

To estimate the foot placement, Pagpimq and P, the
mean distance from a marker placed above the head of
the second metatarsal to the COP was first calculated
over the entire step for each trial. These values were then
averaged for each condition and subject, and averaged
again across subjects to yield a mean value for the
metatarsal-COP distance for each condition. For each
trial, Pagpimq Was then calculated as the distance from
the COM to the expected position of the mean COP
relative to the toe marker in the initial movement
direction (with an equivalent calculation for P,). These
calculations served to minimize noise due to force
transients at foot impact, and evaluate the potential of
the model to predict braking forces based solely on
kinematic measurements (see Discussion).

For each trial, we evaluated ¢ using Eq. (3), and
predicted F} nax using Eq. (4). Parameters measured
during turning were compared using a repeated-mea-
sures ANOVA, with maneuver type as a fixed effect and
subject as a random effect, using a computer statistics
program (JMP 4.0.2, SAS Institute Inc., Cary, NC).
Tukey post-hoc tests with significance values of 0.05
were used for comparisons among maneuver types. Data
from the 10 trials analyzed from each subject and
condition were averaged, and reported as means =+ stan-
dard deviations across subjects.

3. Results

Braking forces acted to prevent over-rotation of the
body during sidestep and crossover cutting maneuvers.
Without braking forces, body rotations would be
140-300% of the deflection of the movement direction
for the three turning conditions ( Wb, Table 1). This
over-rotation would result in a mis-alignment of the
body axis with the movement direction at the end of the
step. Expected body rotation without braking was
significantly greater than rotation with breaking forces
for the S30, X30, and S60 (z-test, P<0.01), but not for
the RUN condition (P>0.8).

Sinusoidal reconstructions of imd forces accounted
for 64+11% of the variance in Fj,q(f) over the entire
step. Transients associated with leg impact in the first
50ms of stance were not captured (Fig. 2B). After the
first 50 ms of stance, reconstructions accounted for
78+6% of Fiq(?). Excluding straight running trials
(where lateral forces are of small magnitude and
variable) and only considering sidestep and crossover
cutting trials, a half-sinusoid fitted to F(¢) could
account for 75+8% over the entire stance period, and
86 +4% after the first 50 ms.

The mean COP position relative to the head of the
second metatarsal showed significant differences among
conditions (Table 1). The COP moved posteriorly and
medially for the sidestep turns (S30 and S60) relative to
running, and laterally for crosscut maneuvers (X30).

Measured braking forces were directly related to
deflection (Fig. 3A), but did not show clear correlations
with other measured parameters, including velocity, foot
placement, and stance period, as indicated by r* values
less than 0.37 (Fig. 3B—E). Direct prediction of expected
braking forces for each trial were only possible by
considering the mechanical parameters together using
Egs. (4) and (5). Leg effectiveness, ¢, ranged from
2.040.8 for the X30 turns, to 4.24+1.0 for S60 turns,
suggesting that over-rotation would be expected in the
absence of braking forces. Measured braking forces
were linearly related to the braking forces (Fpmax)
predicted from ¢ (Fig. 3F). The slope of a least-squares
regression was 0.97, approximately a 1-to-1 relationship.
The correspondence between measured braking forces
and forces predicted to be required to prevent over-
rotation provides additional support for the hypothesis
that braking forces act to prevent over-rotation.

4. Discussion

Without braking forces, the body rotation during
stance would be 1.4-3 times greater than the measured
COM deflection, resulting in a substantial mis-align-
ment of body orientation and movement direction.
Moreover, a simple model based on the assumption that
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Table 1

Parameters measured during four experimental conditions

Condition RUN S30 X30 S60

Full-sine component fitted to imd force, o (N) —214+44 (S60) —230+40 (S60) —220+46 (S60) —259+50

Half-sine component fitted to imd force, § (N) 17445 —161+73 —130+80 (S60) —327491
(S30,X30,S60) (X30,S60)

Maximum fitted perpendicular force, Fymax (N) 32+45 600+ 114 —499 +137 (S60) 669+ 158
(S30,X30,S60) (X30,S60)

Ratio of rotation without braking to rotation with 113419 (S30,S60) 189 +4 (X30,S60) 138 +22 (S60) 295+62

braking. %5 (%)

Initial velocity, ¥; (ms™") 3.1+0.1 3.0+0.2 (S60) 3.0+0.2 2.9+0.2
(S30,X30,S60)

Velocity during stance, Vyance (ms™) 2.940.1 2.64+0.2 2.7+0.1 (S60) 2.340.2
(S30,X30,S60) (X30,S60)

Stance period, (s) 0.258 +0.031 0.269+0.032 0.267+0.035 0.302+0.038
(S60) (S60) (S60)

Mean COP position relative to head of second —9+48 (S30,S60) —19+11 (S60) —15+12 (S60) =31+11

metatarsal, initial movement direction (mm)

Mean COP position relative to head of second —25+18 2+15 (X30) —51+28 (S60) -6+33

metatarsal, perpendicular to imd (mm) (S30,X30,S60)

Anterior extreme foot placement in initial movement 0.3340.04 0.3940.04 (S60) 0.384+0.03 (S60) 0.464+0.05

direction, Pagp, ima (M) (S30,X30,S60)

Foot placement perpendicular to movement direction, —0.044+ 0.02 —0.2540.02 0.1540.05 (S60) —0.274+0.01

P, (m) (S30,X30,S60) (X30)

COM deflection, 64 (degrees) 3+1 28 +1 (X30,S60) —24+4 (S60) 42+5
(S30,X30,S60)

Leg effectiveness, ¢ 0.8240.7 2.5+0.7 2.0+0.8 (S60) 42+1.0
(S30,X30,S60) (X30,S60)

Predicted forces in movement direction, Fj, max (N) —12+108 —118+55 (S60) —84+69 (S60) —259488
(S30,X30,S60)

Values are means+standard deviations. Significant differences among conditions are indicated in parentheses.

body rotation should match movement deflection
predicted measured braking forces during running turns
of different types. These findings support the hypothesis
that braking forces prevent over-rotation during run-
ning turns.

Several experimental limitations should be considered
when interpreting the results. First, impact forces that
are observed in running and cutting were not modeled.
Impact forces may be associated with injury, and should
be considered when evaluating the potential for leg
injury during different activities (Nigg and Wakeling,
2001). However, the mechanical predictions based on
modeling solely “active” forces as we have may also
apply to impact forces. In the conditions used in this
study vertical, fore-aft, and lateral impact forces showed
close correlations to active force peaks over different
turn magnitudes. Comparing the first ground-reaction
vertical force peak, Fraimpact, to the second peak, Fy,active,
yielded the relationship Fraimpact = 1.2F faactive — 222;
R?> = 0.996. Impact forces are associated with deceler-
ating the leg segments upon contact with the ground
(Nigg et al., 1987). Assessing the effects of impact forces
on movements of the COM, which are the primary
concern of this study, would require an inverse-
dynamics model of the leg and body. To make a simple

approximation of the potential errors, we double-
integrated the rotational accelerations due to horizon-
tal-plane impact forces. Potential body rotations due to
impact forces were —5+4+4°, 349°, 24+11°, and
—23413° for the RUN, S30, S60, and X30 conditions,
respectively. In the straight-running and sidestep cutting
conditions, potential effects of impact forces were small.
The larger potential error in the X30 condition can be
explained by forces due to the added inertia when the leg
is swung across the body for crossover cuts. Although
these calculations suggest that impact forces may not
substantially impact body rotation during turns, addi-
tional experiments will be required to fully assess the
role of impact forces during maneuvers.

Second, the kinematic data did not include markers
for the trunk and arms. Instantaneous trunk and limb
position could also affect COM location and 7, but were
assumed constant during stance. Trunk lean in the roll
and pitch directions could affect turning requirements.
For example, lean would increase I about the vertical
axis, since trunk [ in the sagittal and transverse planes
are greater than in the longitudinal plane (de Leva,
1996). The moment of inertia values used in the current
analysis may therefore underestimate /. Underestimat-

ing I would not change the ratio %‘wb, since both angles
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Fig. 3. Relationship of braking forces to turning parameters . Measured values of braking forces () plotted against deflection magnitude (|04]; A),
initial velocity (V;; B), initial foot placement in the initial movement direction (Pagpimqa; C), and perpendicular to the initial movement direction
(P,;D) and stance period (z; E). (F) p plotted against predicted values of Fj, .« calculated from Egs. (3) and (4).

are equally dependent on I. However, the leg effective-
ness number, &, is directly related to ! (Eq. 4). Based
on the inertial parameters reported in de Leva (1996), we
estimate that a roll lean of 55° would be necessary to
calculate an ¢ of 1 (F}, max = 0) in the X30 condition, and
braking forces would be required even in the case of a
90° trunk lean in the S60 condition. Consequently, we
consider it unlikely that considering trunk and limb
positions would change the conclusions of the study.

In addition to moments about the COM caused by
ground-reaction forces, humans may also generate free
moments based on force couples at the foot (Holden and
Cavanagh, 1991). During RUN trials, normalized
angular impulses due to free moments of
—5.447.7s107* were of similar magnitude, but oppo-
site direction of the angular impulses of 4.7s107*
measured by Holden and Cavanagh (1991). This
discrepancy could be due to the fact that Holden and
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Cavanagh (1991) selected rearfoot strikers who wore
running shoes, whereas in the present study runners
were barefoot, and frequently executed turns using toe
strikes. Free moment magnitudes increased to
~17.84595107* and —22.6+8.25107* for S30 and
S60 conditions, respectively, and decreased to
—2.84+8.3s107* for the X30 condition. These negative
free moments acted against over-rotation, but were only
16% +6%, 8% +5%, and 10% +2% of the moments
due to F, for the S30, X30 and S60 conditions,
respectively. Although we selected barefoot running to
avoid the potential effects of shoes on cutting strategy
and mechanics, it represents only one locomotor
condition. Future studies will be necessary to determine
the impact of shoes, and shoe design, on maneuver-
ability.

Active force peaks in the initial movement direction
during running turns were modeled as the superposition
of half-sinusoidal forces onto the imd forces observed
during straight running. Measured values for o of
214 +44 were within 15% and 10% of peak propulsive
and braking forces observed during constant-velocity
locomotion at 3.3ms”! (19347 and 2274+6.6 N, re-
spectively; Chang and Kram, 1999).

Both direct estimation of body rotation and the
simple maneuvering model suggest that body over-
rotation is a potential problem during cutting turns.
Several implications emerge from the concept of leg
“effectiveness” presented in Eq. (4). The multiplicand,
which expresses foot placement, Pagp img, relative to the
movement of the foot during stance (determined by V
and ) is important, since it is a major factor in
determining whether braking or acceleration is neces-
sary to maintain body orientation aligned with COM
deflection at the end of stance. Initial velocity, t, and I
scale the magnitude of required force. Behavioral
changes, such as adopting a crouched posture, could
reduce required forces by increasing 1.

Subjects altered several movement parameters to
execute different types of turns. The most pronounced
adjustment made during cutting was an increased lateral
foot placement, P,,. The magnitude of Py, increased from
4cm during running, to 25 and 27cm for the S30 and
S60 conditions, respectively (Table 1). In contrast, more
modest changes in Pagpima Were observed. It was
surprising that Pagpima increased to 46cm during the
S60 condition, considering that increases in Pagp.imd
would be expected to result in increased over-rotation.

Increasing turn magnitude from S30 to S60 was
associated with increased 04 and Fpmax (Table 1).
However, despite the goal of doubling the turn
magnitude from 30° to 60°, 64 only increased by 50%
to an average value of 42° during the measured stance
period. The S60 condition may approach maximum
performance for turns at 3ms~' running speeds, and
completely executing the task may have required more

than a single step. This is supported by the modest
increase, 11%, in Fj, . in the S60 condition relative to
the S30 condition. Instead of increasing lateral forces,
subjects increased 7, as predicted for maximum-effort
turns (Greene, 1985).

Over multiple steps of both maximum- and sub-
maximum effort maneuvers, decreases in running speed
are often observed (Besier et al., 2001b; Greene, 1985).
Limitations to maximum leg forces may limit running
speed during maximum effort curve running (Greene,
1985), but would not be expected to result in speed
decreases during sub-maximal curve running. Surpris-
ingly, the decreases in velocity over the entire trials did
not appear to be related to braking forces during the
first step of cutting maneuvers. Deceleration in the
initial movement direction was offset by acceleration
perpendicular to the movement direction, resulting in an
average final velocity over all conditions of
2.954+0.24ms~' which was the same as the initial
velocity of 2.95+0.22ms™'. During running turns, the
inside leg has been implicated as contributing to speed
decreases (Chang et al., 2001), and crossover cuts may
be similar to steps of the inside leg during running turns.
However, speed decreases were not observed during
crossover cuts. Final velocities of 3.064+0.15m s~ were
not significantly different from initial velocities of
3.02+0.19ms™'. However, increasing turn magnitude
was associated with decreases in Ve (Table 1), and
final velocity for the S60 condition of 2.734+0.21 m s7!
was less than the initial velocity of 2.86i0.25ms_1,
although this difference was not significant. Other
factors, such as motivational factors or stability
requirements, may result in decreases in speed following
sidestep and crossover cuts.

When executing crossover cuts, subjects adjusted their
foot position medially, resulting in a foot placement
approaching that which would be used by the opposite
leg executing a sidestep turn. Nevertheless, the leg
effectiveness allowed braking forces to be predicted for
crossover cutting (Fig. 3F). The ability of the model to
estimate braking forces during crossover cuts was
surprising considering the large differences in body
geometry and kinematics required.

A potential application of this simple model is to
predict forces during maneuvers in settings where
ground-reaction force measurements may not be avail-
able. Most of the model parameters can be measured
from anthropometry or kinematic measurements. Ide-
ally, the foot placement parameters Pagpimg and P,
represent the distance between COM and COP. In the
experiments reported here we found that using the mean
COP position relative to a toe marker at the head of the
second metatarsal represented a reasonable surrogate
for the COP.

Braking forces are not limited to running sidesteps,
but also observed during walking turns executed at less
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than half of the speed used by subjects in the present
study (Houck, 2003; Patla et al., 1991). At lower speeds,
lateral forces are less than those during running, stance
periods are increased, and there may be more opportu-
nity to generate free moments to prevent under- or over-
rotation during turns. To estimate whether over-rota-
tion may be expected to occur without braking forces
during walking turns, we calculated &, and compared
predicted Fj, nmax to measured braking forces from two
studies: Patla et al. (1991) and Houck (2003). For Patla
et al. (1991), 04 was 60°, average t was 0.53s, PaAgp.imd
was estimated from the step length (assuming a
symmetric stride) as 0.4m, and V; as 1.5ms™'. For
Houck (2003), 64 was 40°, average t was 0.67s, V; was
1.34ms™! Pagpima Was estimated from the FV; and
t(assuming a symmetric stride) as 0.45m. Lateral foot
placement, P, was estimated as 0.18 m for the 60° turn
and 0.15m for the 40° turn (Courtine and Schieppati,
2003).

Average ¢ was estimated to be 1.8 for turns measured
by Patla et al. (1991) and 2.3 for those reported by
Houck (2003), indicating that absent braking forces,
over-rotation may be expected even during turns at
walking speeds. The Fj, . values of —65 and —51N
predicted using Eq. (4) were 112% and 150% of the
measured peak braking forces of —58 and —34N,
respectively. Considering the difficulties introduced
when using mean data for parameters that may co-vary,
we consider these predictions to be suggestive that
braking forces also act to prevent over-rotation during
walking turns.

Analysis of kinematics and ground-reaction forces
during sidestep and crossover cutting support the
hypothesis that braking forces act to prevent over-
rotation during running turns. Moreover, a simple
model based on this hypothesis can predict ground-
reaction forces based on a limited number of measured
parameters. Future studies to relate ground-reaction
forces to knee loading could afford predictions of knee
injury risks during maneuvers based on a small set of
morphological and kinematic parameters, since braking
forces may be associated with increased risk (Colby et
al., 2000; Houck, 2003). For example, in sidestepping
maneuvers when perpendicular (F,(f)) and braking
(Fp(?)) forces peak during the push-off phase as defined
by Besier et al. (2001a,b), the internal rotation moments
on the knee also reached their peak values (Besier et al.,
2001a,b). Peak push-off was suggested to be a phase
where there was a high risk of anterior cruciate ligament
injuries. Peak push-off is during the active phase where
the current model best predicts the transverse plane
ground-reaction forces. Although it could be speculated
that the degree of potential over-rotation may influence
the size of the internal rotation moments at the knee,
additional experiments will be necessary to determine
the relationship between the ground-reaction forces

predicted by this simple model, impact forces, and knee
loading specifically associated with this injury. In
addition to better understanding direct causes of injury,
characterizing maneuverability is important because of
its impact on stability. For example, turning is
associated with increased risks of falling and subsequent
injury (Thigpen, et al., 2000). Characterizing the
mechanical constraints for maneuvers under varying
conditions can contribute to understanding of the
control strategies necessary for stable locomotion.
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Appendix

We seek to make testable predictions of ground-
reaction forces during turning maneuvers based on few,
easily measured parameters. To this end, we developed a
2-dimensional (horizontal plane) model of turning.
Several aspects of the model were simplified in the
interest of deriving algebraic expressions which are
clear, and provide the most intuitive embodiment
possible. First, the model does not account for motions
of the trunk (i.e. pitch or lean), and possible changes to
moment of inertia (/) which could result. Second,
ground-reaction forces are considered to be sinusoidal
in time, and do not include forces associated with leg
impact. Third, the potentially complex trajectory of the
foot relative to the COM during stance is simplified. The
foot is assumed to move linearly relative to the COM in
the initial movement direction (imd), and maintain a
constant position perpendicular to the imd (Fig. 3B).
During the three conditions studied, the position of the
foot in the movement direction relative to the COM
over time (P;,q) was well approximated by a line. Linear
fits to Pj,q over time for each trial had r* values of
0.984+0.06 for the S30 and X30 conditions, and
0.97+0.08 for the S60 condition. Foot position perpen-
dicular to the imd (P,) was not constant, but increased
over the turning step (Fig. A.1). However, sinusoidal
forces are likely to reach maxima close to the average P,
used in the model, minimizing errors due to changing
lateral foot position over the step.

Leg Effectiveness

When executing a turn, P;,q is modeled as moving
backwards at constant velocity (V) from its initial
placement at the anterior extreme position (Pagp.imd):
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0. — — 2VFp max‘l:3 PAEP,imde max'l:2 . VFp max‘l:3
05} P vind ol nl
3
0.4t 2VFp max®
T B (A.6)
03 r
0 which can be simplified to
Fy maxT? 4Vt

— 0.1t ep == PAEP,imd - 5 |- (A7)

g nl T

< 0 . .

:§ If V remains constant, the change in momentum of
0.1 F the COM perpendicular to the imd equals the perpendi-
o2l cular force impulse over the step:

0.3 =
Rt MV sin(0y) = / Fp(r)de. (A.8)
04l =0
05 RUN Considering sinusoidal force production,
' =1
— MV sin(0y4) = / Fp max sm( )dl
0.5 0.3 0.1 0 -0.1 0.3 -0.5 =0
P, (m) F -
P axT Tt
= [—ﬂcos (—)] , (A.9)

Fig. A.1. Foot position relative to the COM during running and i T/ 1i=0

cutting maneuvers. Vertical gray arrows are schematics of simplified which evaluates to

foot trajectories used for turning model. Foot trajectories for S60 trials

are shown in gray for clarity. . 2F T

sy Y MV sin(0y) = ——2ma (A.10)

Pima(t) = (Pagpima — V1). (A.1)

The component of force perpendicular to the move-
ment direction (F,) is modeled as a half-sinusoid with
period equal to the stance period t:

. (Tt
Fp(t) = Fp maxsin (7)

The torque (T,(?)) is the product of the foot position
and Fy(?),

Tp(l) = Fp(l)Pimd(l)-

Body rotation due to the perpendicular force neces-
sary to deflect the movement direction (0p) can be
calculated as the double integral of acceleration due to
T, with respect to time:

0p=/to/t "([)d di

=/ /’ TFp(l)led(t) drds

_ / /t TFp max Sln(?) (PAEP,imd - Vl) drds
t=0

1

(A.2)

(A.3)

(A4)
Integrating twice yields

5 2 2VFp man T
—PagpimaFp man® sin(2) + VIFy maxt? sin (&) 4 =22 cos ()
n2l
3
PAEP,imde max Tl _ 2 VFp maxT
nl 20 S

For the definite integral {t = 0, t}

0, =

+ (A.S5)

Rearranging Eq. (A.10) allows Fj,max to be estimated
as

MV sin(6y)

Fp max = 7 (A.11)
Substituting Eq. (A.11) into Eq. (A.7) yields
MV sin(0q)t 4Vt
Op = % (PAEP imd — ?> (A.12)

Normalizing both sides of this equation to 64 results
in:
O, MV sin(0q)t _ 4Vt
Hd = 216(:1 AEP,imd R

For small angles, d“) ~ 1. At the highest values for
04 measured for the S60 condition of 42°, Sme?d) 0.91.
Consequently, we chose to use the additional approx-
imation, S'“(fd) 1.

With this approximation, Eq. (A.13) can be re-written
as the leg effectiveness number presented in Eq. (4):

% _ MVz Pro. 4Vt
0y 57 \ DAEPimd =5~ .

(A.13)

sin(0),

(A.14)

Braking forces

For rotation to match deflection at the end of the step,
04 — 0, must equal zero, or alternatively (1 —¢)0q = 0.
The peak braking force, Fi, max, can be related to the leg
effectiveness number by considering that the rotation
due to Fp(f) must account for the under- or over-
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rotation, 04 — 0,. If the braking force required for
rotation to match deflection is modeled as a half-sine,

. (Tt
Fu(t) = Fy massin (=), (A.15)
T
= Fu(0)P
(1 —.s)ed:/ / "() “RUTP drde
t=0 5
=" 17 Fly max sin (%) P
— / / M drdz. (A.16)
=0 Ji=0 I
Evaluating the integrals yields
(1 — 0 Fhmax?TPy  Fn max 7> sin (%) P, L
nl n2l
(A.17)

Assuming initially zero angular position, C = 0. At
t=r7

F p,
(1= )0g = —"moEsr, (A.18)
nl
which can be rearranged to Eq. (5):
wl(1 — &)04
Fhmax=W~ (A19)
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